Purpose: To investigate the effects of inspiratory muscle loading (ITL) and inspiratory muscle training (IMT) upon blood lactate concentration ([lac -] B ) and acid-base balance following maximal incremental cycling.
Introduction
Paragraph Number 1 Recent evidence suggests that the respiratory muscles become net producers of lactate when the work of breathing exceeds a critical threshold level (2, 16, 40) and that specific training of these muscles reduces their rate of lactate production and / or increases their rate of consumption (2, 40 have also been reported during exercise following specific respiratory muscle training (RMT; 23, 35, 38) suggesting that at moderate levels of pulmonary ventilation the respiratory muscles may become net lactate consumers (10) . These findings are surprising given the small muscle mass (approximately 0.5% total body mass) of the respiratory muscles and collectively suggest an important, previously underestimated role for the respiratory muscles in the regulation of whole body lactate kinetics. clearance by a similar magnitude to that achieved with an active recovery involving locomotor muscles, but with the benefit of sparing intramuscular energy stores (6) . Given that lactate consumption and / or reduced production by the inspiratory muscles is enhanced by training (23, 35, 38) it is attractive to speculate that the finding of Chiappa et al (3) would be magnified after RMT and this was the focus of the present study.
Paragraph Number 2

Paragraph Number 3 It is unlikely that increases in [lac -
] per-se result in metabolic acidosis and cause skeletal muscle fatigue (34) particularly at physiological temperatures (43) .
However, according to the integrated physicochemical systems approach, with which it is possible to quantify the mechanisms accounting for disturbances in acid-base balance during ] on some intramuscular processes (8) and subsequent exercise performance (30, 40) .
Paragraph Number 4 Accordingly, the purpose of the present study was to test the hypothesis that inspiratory pressure threshold loading during recovery from maximal exercise would speed lactate clearance and that this would be further increased following specific inspiratory muscle training (IMT). In order to determine the effect of changes in [
we quantified the contribution of associated physiological variables to the regulation of plasma acid-base homeostasis using the integrated physicochemical approach.
Methods.
Participants
Paragraph Number 5 Following ethical approval and written informed consent, 18 healthy non-smoking participants with normal lung function volunteered for the study (Table 1) .
Throughout, subjects were instructed to adhere to their normal training regimen and not to 5 engage in any strenuous exercise the day preceding and the day of a trial. Both habitual training and IMT were recorded throughout the intervention using a training diary. Each subject completed a 24 h diet record prior to their first trial and this was repeated prior to subsequent tests. Subjects arrived at the laboratory 2 h post-prandial having abstained from alcohol and caffeine in the 24 h prior to testing. All exercise trials were performed on an electromagnetically braked cycle ergometer (Excalibur Sport, Lode, Groningen, The Netherlands), at a similar time of day, separated by 48 h and in similar laboratory conditions (temperature: 21.1  2.7˚C; relative humidity: 46.6  14.4 %).
Experimental design
Paragraph Number 6 Subjects attended the laboratory 3 times prior to a 6 week intervention; each laboratory visit was separated by a minimum of 48 h. During the first laboratory visit subjects completed pulmonary function and maximal inspiratory mouth pressure (MIP) tests and were subsequently familiarized with all testing procedures including maximal incremental exercise. Pulmonary function was assessed using a pneumotachograph (Pneumotrac, Vitalograph, Buckingham, UK) calibrated using a 3 L syringe. Measurement of FVC and FEV 1 was repeated until the difference between the largest and next largest value was less than 100 ml. A minimum of 3 and maximum of eight manoeuvres were performed and the highest value used for subsequent analysis (28 Following a 6-wk intervention (IMT or no IMT), subjects repeated the pre-intervention trials.
Given the increase in MIP expected following IMT, the IMT group completed a third maximal incremental exercise test in which the absolute intensity of ITL during recovery was increased so that the same fraction of MIP was used before and after the intervention. This subsequent trial was defined as ITL%. Rudolph, Kansas City, Missouri) and connected distally to a custom built weighted plunger pressure threshold inspiratory muscle loading device identical to that used previously (13, 14) . The 1.5 m length of tubing permitted the subject to remain in the same body position on the cycle ergometer when breathing through the device and provided a small degree of freedom to move the head comfortably and safely. The pressure threshold loading system was previously shown to be flow independent over the physiological range (see ref. were -0.07  0.14 L·min -1 . These data show that the online expired gas analyser performed satisfactorily despite the negative pressures generated during ITL.
Intervention
Paragraph Number 10 IMT was performed using an inspiratory pressure-threshold device (POWERbreathe ® , Gaiam, UK). The IMT group performed 30 dynamic inspiratory efforts twice daily for 6 wk against a pressure-threshold load of 50% MIP. The initial training load was determined by inserting a 0.8 mm hypodermic needle into the mouthpiece of the device which was attached distally to a mouth pressure meter (MicroRPM, Micro Medical, Kent, UK). During repeated maximal efforts, identical to that performed throughout IMT, the opening pressure of the valve was adjusted to 50% MIP. Throughout 6 wk IMT, subjects were instructed to periodically increase the load to a level that would permit them to only just complete 30 breaths. In addition, the resistance of the device was also confirmed using the protocol outlined above after 2 and 4 wk IMT to ensure that the training load did not exceed 50% MIP. Each inspiratory manoeuvre was initiated from residual volume and subjects strove to maximize V T . This protocol is known to be effective in eliciting an adaptive response (2, 15, 22, 23, 35, 36, 42) . Subjects completed a training diary to record IMT adherence and habitual training, which the control group also recorded. The control group 9 continued with their habitual physical training schedule and were not exposed to an intervention. A placebo treatment was not applied to the control group since the study outcome measures could not be influenced by either motivation or expectation. Subjects were informed that they belonged to a control group prior to commencement of the study and to avoid any possible disadvantage were afforded the opportunity to undertake 6 wk of IMT after completion of the study.
Blood sampling and analysis
Paragraph Number 11 During all exercise trials, arterialized venous blood was drawn from a dorsal hand vein via an indwelling 21-G cannula (9, 25) . Arterialization was achieved by immersing the hand in water at ~40˚C for 10 min prior to cannulation and by warming the hand during exercise using an infrared lamp. Blood samples were analyzed immediately for 
Paragraph Number 12
To elucidate the mechanisms accounting for acid-base disturbance the integrated physicochemical systems approach was used (39) . At rest, the cessation of maximal exercise and every 10 min thereafter, a 5 ml blood sample was drawn and centrifuged immediately for 10 min at 3000 g. 
Plasma 
Where Lac Table 2 
Paragraph Number 18
The amplitudes and velocity constants for the lactate recovery curves are shown in Table 3 . Prior to the intervention, there were no differences between groups or between trials in any parameter, thus ITL throughout recovery failed to affect either lactate exchange or lactate clearance. Following the intervention, all parameters remained unchanged in the control group. Following IMT, relative to the equivalent pre-intervention trial Lac -
and A 2 was reduced in PR (P<0.05). In ITL there was a decrease in A 1 and A 2 and increase in Tables 4 and 5 
Paragraph Number 20
Discussion
Paragraph Number 22
The primary finding of this study is that the addition of a pressurethreshold inspiratory resistance (15 cmH 2 O) during recovery from maximal incremental exercise accelerated blood lactate clearance but only after 6 wk of specific IMT. 
Paragraph Number 23
Paragraph Number 26
We are the first to report that ITL after specific IMT can significantly speed lactate clearance following maximal incremental cycling exercise. Following IMT, A 2 which reflects the amplitude concentration of lactate clearance, was reduced during PR from maximal exercise, however, since the velocity constants were unchanged, this is likely to reflect the lower absolute [lac -] B throughout recovery relative to pre-intervention (Table 3 and Figure 3 ). Conversely, increasing the work of breathing with ITL immediately following exercise at the same intensity increased the velocity constants and decreased the amplitudes of both exponential terms ( changes in these parameters following whole-body training (26, 27) . After IMT, we observed a 68% increase in γ 1 during ITL indicating an improved capacity for lactate exchange between the previously worked muscle(s) and the systemic circulation (11) . Due to the specific nature of IMT this was probably achieved by increasing the concentration gradient between the locomotor muscles and the systemic circulation most likely due to increased lactate clearance by the inspiratory muscles (as confirmed by the 71% increase in γ 2 ). The increase in γ 2 is similar to that found in whole body exercise training studies in which it was associated with an increase in lactate transport capacity (MCT1, MCT4) and oxidative enzyme activity (26, 27) . It has been argued that such adaptations may occur following IMT (cf. 23). In support, oxidative enzyme adaptations occurred in sheep diaphragm following intense resistive RMT (1) and an increased proportion of type I muscle fibres was observed in the external intercostal muscles of COPD patients following 5 wk IMT (33) .
Paragraph Number 27
We used the physicochemical approach (39) to quantify the relative contribution of each of the independent variables to changes in acid-base disturbance (31, 39 were unaltered in the control group after the intervention period. With the exception of one study (37) evidence suggests that placebo effects associated with RMT interventions are minimal (12, 15, 18, 35, 36, 41) thus we feel that the physiological changes observed after IMT in this study are unlikely to be the result of greater subject expectation and/or motivation. Notwithstanding this, a limitation of our study is that a placebo was not used, which may have influenced outcome measures in the control group.
Conclusions
Paragraph Number 29
In stark contrast to the findings of Chiappa et al. (3, 4) , we observed no effect of ITL upon lactate recovery kinetics. The novel finding of this investigation is that following IMT, ITL accelerates the capacity for whole body lactate exchange and clearance. V  , minute ventilation;  R , respiratory frequency; V T , tidal volume; T I /T TOT , inspiratory time divided by total breath time (duty cycle); HR, heart rate. Table 3 . Parameters of the bi-exponential non-linear regression model for both the control and IMT groups, respectively. Data from the control group were not different following the intervention and have been omitted. For abbreviations see Table 4 . meas., measured [H + ]; calc., calculated [H + ] using the method of Putman et al. (27) . Figure 1 . Respiratory responses to maximal incremental cycling exercise for the IMT group only prior to and following the 6 wk intervention. ▲, passive recovery trial pre-intervention; □, inspiratory pressure threshold loading trial at 15 cmH 2 O pre-intervention; ■, passive recovery trial following the intervention; Δ, ITL trial following the intervention; •, inspiratory pressure threshold loading trial post-intervention at a higher absolute resistance but the same relative resistance as pre-intervention (ITL%). 
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